We explore the dynamical and mechanical characteristics of an evolving gel in diffusing wave spectroscopy (DWS) and rheometry, aiming to assess how the gel evolution impacts the creep response of the system. Our gel is formed by inducing the aggregation of thermosensitive colloids by a variation in temperature. We find experimental evidence that the long time evolution of this gel is due to two distinct processes: A coarsening process that involves the incorporation of mobile particles into the network structure and an aging process that triggers intermittent rearrangement events. While coarsening is the main process governing the evolution of the elastic properties of the gel, aging is the process determining structural relaxation. The combination of both processes in addition to stress hardening governs the creep behavior of the gel, a creep behavior that is determined by three distinct contributions: an instantaneous elastic, a delayed elastic, and a loss contribution. The systematic investigation of these contributions in recovery experiments provides evidence that losses and delayed elastic storage have a common origin, both being due to intermittent local structural relaxation events. V C 2017 The Society of Rheology.
I. INTRODUCTION
Amorphous solids are ubiquitous in nature and technology, ranging from granular packings to molecular glasses [1] . The amorphous state is in general a nonequilibrium state, which makes the properties of amorphous solids difficult to predict, even more so as they are often evolving in time. In colloidal sciences, the two prominent examples of amorphous solids are colloidal glasses and colloidal gels [2] . Colloidal glasses are formed at fairly high particle volume fractions and the conditions for dynamic arrest are solely set by the formation of cages in which the particles are permanently trapped. In contrast, the formation of amorphous solids at lower particle volume fractions requires both the formation of spacespanning networks and the local arrest of the dynamics of the particles within the network. The pathways to the formation of such network can be very diverse, depending on the particle volume fraction, and the magnitude and range of the attractive particle potential [3, 4] . Moreover, the highly heterogeneous configuration of gels precludes that each particle experiences the same trapping conditions on the local scale as this is normally the case in colloidal glasses. The particles on the surface of a coarse network will be able to escape more easily out of the potential wells of their nearest neighbors than particles that are buried deep inside the network [5] . These intrinsic structural and dynamical heterogeneities can lead to coarsening of the gel structure over very long times. Further adding to the complexity of the temporal evolution of gels is the gel formation itself. Starting from a fully dispersed state, the colloidal system undergoes a sol-gel transition via aggregation or phase separation [2, 3, [6] [7] [8] [9] [10] [11] [12] [13] . Beyond the gel point free particles and/or freely diffusing clusters may still exist and their gradual incorporation into the network will further contribute to the development of the structural, mechanical, and dynamical properties of the system. Indeed, bimodal distributions of particle mobilities have been observed in moderately concentrated suspensions of attractive colloids near the gel transition [14] [15] [16] [17] and the gradual incorporation of these mobile constituents has been associated with the temporal evolution of the elasticity of the gel [5] .
In this work, we address how the evolution of a gel impacts its creep behavior. Creep deformation is a rather general feature of solid materials [18] [19] [20] [21] ; it occurs when the system is subjected to a moderate constant stress. The initial response to such imposed stress is an instantaneous strain that reflects the elasticity of the system. In the following, we then observe primary creep: the strain slowly increases in time at a rate that decreases in time. In metals such creep has been extensively studied and it is generally associated to stress hardening that in turn correlates with an increase of the density of dislocations [22, 23] . Our understanding of creep of amorphous solids, however, remains far from complete. In soft materials creep is ubiquitous [24] [25] [26] [27] [28] and of particular interest to the phenomenon of delayed yielding [26, [29] [30] [31] [32] [33] . Upon applying a stress that is only marginally larger than the static yield stress soft matter systems typically exhibit a period of primary creep before starting to yield. To what extent we can predict delayed yielding from the creep behavior of a material and how the aging characteristics of the system may impact the creep behavior are issues that are still far from being fully understood.
In this contribution, we address these questions for a colloidal gel, focusing in particular on the range of applied a) stresses below the onset of yielding. In a first step, we investigate the evolving characteristics of a gel formed by thermosensitive particles at a particle volume fraction of 0.185 using diffusing wave spectroscopy (DWS) and oscillatory shear experiments. Both elasticity and structural relaxation time are found to evolve with sample age. Experimental evidence obtained by subjecting the gel to a constant stress indicates that the evolution of elasticity and relaxation originate from, respectively, the incorporation of mobile particles into the gel structure and intermittent events involving structural rearrangements over larger length scales. By systematically determining the recoverable strain at different time intervals, we find that creep involves not only losses but also considerable delayed elastic storage, in addition to an instantaneous elastic contribution. We show that we can fully account for the time dependences of all three contributions, when they are obtained at sufficiently low stresses, by considering (a) the age dependence of the elasticity and relaxation time of the quiescent gel and (b) a stress-hardening effect. Distinct scaling characteristics of the stress dependent loss contributions over a wider range of stresses suggest that upon increasing the stress toward the yield stress the rate of restructuring events remains the same, while the size of the rearranged zones per event increases.
II. MATERIALS AND METHODS

A. Sample characteristics
Our colloidal system consists of polystyrene (PS) particles coated with a thin layer of poly-N-isopropyl acrylamide (PNiPAM). These particles are synthesized by emulsion polymerization following a protocol similar to that described for the synthesis of "core-latex" in [34] . N-isopropyl acrylamide NiPAM (23.4 g, Aldrich) and sodium dodecylsulfate SDS (0.2 g, Merck) are dissolved in 525 g Millipore water. Dissolved oxygen is evacuated by continuously bubbling nitrogen through the solution for 30 min. After addition of styrene (142.4 g, Fluka), the mixture is heated to 80 C under stirring while the bubbling of nitrogen is maintained. The initiator potassium peroxodisulfate KPS (0.35 g, Merck) dissolved in 15.4 g Millipore water is then added and the reaction is allowed to proceed for 6 h. For purification, the suspension is repeatedly centrifuged and the supernatant exchanged with Millipore water. In a final step, the suspending medium is adjusted to a composition of H 2 O/D 2 O of 49/ 51 v/v containing 0.1 mol/L NaSCN; this warrants both density matching of the suspending medium and the particles and screening of the particle charges.
To determine the radius of the PS-PNiPAM particles, we perform static and dynamic light scattering experiments using very dilute dispersions. The static data are fitted with the Guinier approximation to obtain the radius of gyration R g , which is then converted to a hard sphere radius
. For the analysis of the dynamic light scattering data, we use the Stokes-Einstein relation to obtain the hydrodynamic radius R h . Both techniques yield identical results, R ¼ R h ¼ 117 6 3 nm. Because the PNiPAM shell is very small, a determination of its size is not possible using light scattering techniques. However, the range of the steric repulsion due to the PNiPAM shell is sufficiently shortranged that the aggregation behavior of our particles depends on temperature owing to the temperature dependent dimensions of PNiPAM [36] . The system under investigation, a suspension with a particle volume fraction of / ¼ 0.185, remains dispersed up to a temperature of T % 18 C. Beyond this temperature aggregation sets in. Thus, in contrast to other temperature sensitive colloidal systems [30, 34, [37] [38] [39] , aggregation is here not induced by the phase transition of the grafted polymer layer itself. Our system aggregates at temperatures far below the lower critical solution temperature of PNiPAM, which is at %32
C. This clearly denotes that the origin of the temperature induced attraction is set by the temperature dependent range of the steric repulsion; at elevated temperatures, the repulsion becomes too short-ranged to effectively screen the Van der Waals attractions between the PS cores, which results in aggregation and gelation. In this work, we study the aggregation and gelation at 27 C. At this temperature, we estimate the magnitude of the attraction to be of the order of 50 kT. This rough estimate is based on the volume fraction dependence of the shear modulus, which we can describe by a power law, G ¼ ðj o =RÞ / a with j o a spring constant accounting for the resistance to stretching a bond [40] ; for our gel we find a ¼ 4.1 6 0.1 and j o % 1.9 N/m. We assume Van der Waals (VdW) interactions between PS spheres in water and estimate the magnitude of the attraction by taking the second derivative of the VdW potential to match the experimental value of j o . In our experiments, the magnitude of the attraction is rather large, such that we expect that gelation is mainly governed by diffusion limited aggregation. This is also consistent with the power-law dependence of the shear modulus, which agrees with that typically found for fractal gels [41] [42] [43] .
B. Rheology
Our rheological experiments are performed using a commercial rheometer (Anton Paar MCR502) equipped with a stainless steel cone and plate (cone radius 12.5 mm; cone angle 1
). Experiments performed with a larger cone show some quantitative differences that are, however, always proportional to the results obtained with the smaller cone. Tests with roughened tools (surface roughness %50 lm) reveal that wall slip is irrelevant in our experiments. To minimize evaporation we use a solvent trap. The temperature within the gap is precisely controlled by a Peltier stage and Peltier hood. To account for the delayed heat transfer to the sample upon a change of the temperature of stage and hood, we performed a number of calibration experiments, concluding that temperature ramps with dT/dt 2.4 C/min are slow enough for the sample temperature to match that of the Peltier elements monitored in our instrument. To keep our temperature ramp as short as possible, while ensuring a homogeneous temperature within the gap at all times, we thus chose the heating rate of 2.4 C/min for our experiments. Repeated oscillatory strain experiments probing the effect of a temperature ramp from 15 to 27 C on the mechanical properties of our system in the linear range reveal that our system exhibits an aggregation and gelation behavior that is reproducible within 5%. This reproducibility guarantees that experiments performed with fresh sample loads yield consistent results. All rheological experiments reported in this work are performed by subjecting fresh samples to the aforementioned temperature ramp, followed by the desired time dependent rheological test.
C. Diffusing wave spectroscopy
Additional experiments exploring the evolution of the dynamics of our system upon a temperature quench from 15 to 27 C are performed with a home built DWS setup, designed to perform transmission experiments over a wide range of lag times s. To control the temperature, we use a temperature cell equipped with two parallel glass windows that allow for optical access. This cell is filled with filtered water and the temperature is controlled to a precision of 0.1 C via a thermostat that is connected to a water circuit located within the walls of the temperature cell. The temperature quenches are performed by placing the samples equilibrated beforehand at 15 C into the temperature cell that has been equilibrated to 27 C. The heating rate within the sample cell is thus set by the heat transfer rate. We perform experiments using sample cells with two different path lengths, L ¼ 1 mm and L ¼ 2 mm, where we find that the set temperature of 27 C is reached within 100 and 200 s, respectively. The transport mean free path of our gel is l* ¼ 14.4 lm, such that the condition for strong multiple scattering L/l* > 10 is fulfilled for both sample cells [44] . The use of two different optical path-lengths is justified by the wide range of time scales we aim to assess. Indeed, for the diffusive photon transport exploited in DWS the optical path length defines the number of independent scattering steps [44] . For systems with complex dynamics exhibiting correlation functions with more than one decay, the number of independent scattering steps determines the amplitude of each decay. Processes involving small displacements, such as thermal gel fluctuations, will lead to a larger decay of the correlation function when we use a cell with a large path length, since the added displacements along the scattering path will be larger; this facilitates the analysis of such fluctuations. However, when the amplitude of the decay due to such fast dynamical process is large, the contributions of slower processes are masked. By using a smaller path length, the contributions of fast dynamics are decreased, which enables us to assess the long time processes more accurately.
The optical design of the DWS setup is similar to that reported in [45] . As a light source, we use a solid-state laser with a wavelength of k ¼ 532 nm. The beam is expanded to 8 mm and impinges the sample cell at normal incidence. The transmitted light is collected by a lens and split into perpendicular directions. In one of the directions the temporal evolution of the far field speckle pattern is recorded with a Pulnix CCD-camera using an exposure time of 2 ms. These images are used to calculate the time resolved correlation signals c I ðt;sÞ ¼ hI p ðtÞ Á I p ðt þ sÞi p =ðhI p ðtÞi p Á hI p ðt þ sÞi p Þ À 1, where I p (t) is the scattered intensity at pixel p and time t [46, 47] . Using these signals, we select time windows during which the dynamics can be considered as almost stationary to form time averages, recovering thereby the familiar intensity correlation function g 2 ðsÞ À 1 ¼ c I ðt;sÞ classically determined in dynamic light scattering experiments, : : : denoting the time average. In the second detection line, we use a single speckle detection scheme to determine the short-time behavior of g 2 ðsÞ À 1. To ensure ensemble averaging, we place a slowly rotating ground glass in front of the detector [45, 48] . The light is collected by a single mode fiber, split in two and detected by a couple of avalanche detectors. The signals are cross correlated to determine g 2 ðsÞ À 1 ¼ IðtÞ Á Iðt þ sÞ = IðtÞ 2 À 1, where we select an averaging time that guarantees that the dynamics of the evolving gel is not significantly changing during the acquisition of a given correlation function.
III. RESULTS AND DISCUSSION
A. Gel formation, coarsening, and aging of the quiescent system
The main advantage of using colloids with temperature dependent attractions is that aggregation can be induced by a temperature quench, thereby avoiding the use of a somewhat ill-defined shear rejuvenation procedure to control the history of the sample. In this work, we control the history of the gel by quenching a suspension of PS-PNiPAM particles with / ¼ 0.185 from 15 to 27 C. At 15 C the particles are fully dispersed while they interact with an attraction strength of %50 kT at 27 C. The start of the quench is defined as t ¼ 0. At this moment, the temperature within the sample starts to increase. This results in an increase of the attraction strength which eventually induces aggregation. Because the quench is not instantaneous the kinetics of aggregation at the beginning of our experiments is somewhat ill-defined, as we effectively ramp through the attraction strength of %1 to %50 kT during the temperature quench. However, tests probing the aging properties of gels obtained by increasing the temperature at different rates reveal that at sufficiently long aging times the gel properties are independent of the quench rate. Our investigations are restricted to long aging times, where we can neglect the details of the temperature history experienced during the temperature quench.
Dynamical characteristics
The effect of the rise in attraction strength with increasing the temperature is readily observed in DWS, where we reach the final set temperature of 27 C within 100 s using sample cells with an optical path length of L ¼ 1 mm. As evidenced by the time dependence of the intensity correlation functions shown in Fig. 1(a) , the dynamics of the system exhibits a strong temporal evolution as a response to the temperature quench. Surprisingly, the correlation functions develop a three-step decay. The first decay observed at short lag times s is related to fluctuations of network strands similar to those observed in strongly aggregated fractal gels [49] . The magnitude of this decay as well as the cross-over time to an intermediate plateau value decrease with sample age, reflecting an increase in the gel elasticity. In the long-time limit of the correlation function, the third decay shifts systematically to longer times as the system ages. This decay is due to residual structural relaxation processes typical of aging systems [50] . The truly unusual feature is the intermediate, second, decay in the correlation functions. The characteristic decay time is here age-independent, while the magnitude of the decay systematically decreases with increasing sample age.
A quantitative description of this decay is beyond the scope of this paper. Qualitatively, we can understand this decay as being due to the diffusion of a small number of single particles or small clusters that are not yet part of the network. To appreciate this let us recall that light passing through a turbid medium will be scattered multiple times before exiting the sample. We generally treat this problem as a photon diffusion problem, describing the photon path through the sample as a random walk with step length l* [44] . For a system solely composed of freely diffusing particles, the intensity correlation function obtained in transmission is reasonably described by an exponential decay with a characteristic time that sensitively depends on the number of independent scattering steps, (L/l*) 2 , encountered while the light passes the sample of thickness L. As the added displacements of the scattering sites (the particles) along a scattering path will contribute to the phase shift that leads to the decay of the intensity correlation function, we expect that the decay time is
, with D o the free diffusion coefficient of the particle and k o ¼ 2ÁpÁn/k the wave vector, n the refractive index of the suspending medium, and k the wavelength of the incident light. In contrast, if we consider that at most one particle along the scattering path is free to move, while all others are not, the motion of only that particle will lead to a phase shift. The decay time characterizing the partial dephasing due to the motion of this particle will be independent of the number of independent scattering steps, s o % 1/(2Ák o 2 ÁD o ), and thus significantly slower than that expected if all particles of the system were free to diffuse. Calculating this time for our PSPNiPAM particles we find s o ¼ 1 ms in reasonable agreement with the time scale at which we observe the second decay. This strongly suggests that this decay is indeed due to the motion of a small fraction of single particles that are not yet part of the network. The decreasing magnitude of the intermediate decay with sample age indicates that the number of these mobile particles is a decreasing function of the age of the sample [51, 52] . We can thus conclude that the temporal . Inset: Example of fit for the data obtained at t ¼ 470 s. evolution of our gel involves the incorporation of mobile particles into the arrested network structure.
Such incorporation has recently been suggested to lead to an increase of the high frequency elasticity G 1 [5] . To get a the first quantitative assessment of this increase, we model the first decay in g 2 -1 using the model developed by Krall and Weitz for the internal fluctuations of fractal gels [49, 53] . Let us note, however, that the particle volume fraction of our system is somewhat too high to fully justify this approach. Within the Krall-Weitz model, the constraint internal fluctuations of gels can be modeled as hDr
with hDr 2 i the mean square displacement, d 2 the maximum mean square displacement of gel strands, p % 0.7, and s c a characteristic time that relates to the elastic modulus as G Fig. 1(b) , where t w denotes the age of the gel defined as t-t g with t g the gelation time, which we estimate to be % 100 s in our DWS experiments. The age dependence of G DWS 1 is best described by a weak power law, G , broadly consistent with the results obtained for other colloidal gels [37, [54] [55] [56] .
For the characterization of the long-time relaxation s R , we use the data obtained with L ¼ 1 mm, where the amplitude of the long-time decay is larger than in the data obtained with L ¼ 2 mm. The long-time relaxation is reasonably well described by a single exponential decay, as shown for t ¼ 470 s in the inset of Fig. 1(c) . Remarkably, we find that s R / t w 1.2560.05 . Such dependence is somewhat unusual as the structural relaxation time is generally found to depend linearly or sublinearly on t w [21] . An aging exponent larger than one in principle indicates that the relaxation time will at some point exceed the sample age. Such unusual aging behavior has been reported previously for very strongly aggregated gels, where it was shown that aging eventually leads to a catastrophic breakdown of the gel rather than a vanishing long-time relaxation [57] . Hyperaging has also been observed in simulations of attractive glasses, where it was denoted that, while the structural relaxation grows faster than the aging time, the bond-life time grows slower than the aging time [58] . Such decoupling of the evolution of bond lifetime and structural relaxation indicates that structural relaxations are not or only partly linked to the bond-life time. In fact, structural relaxations in strong gels have been shown to be governed by intermittent events involving rearrangements on larger length scales [59] . The structural relaxation process of our gel displays an almost single exponential behavior, which is consistent with a scenario where intermittent rearrangements occurring randomly in space and time are at the origin of structural relaxation [60] .
Indeed, if we consider that any scattering path crossing a zone that has been restructured by an intermittent event will be fully dephased, the field correlation function g 1 will be a measure of the fraction of the paths that has not yet been dephased. For randomly occurring events, one can then write:
with C e the rate of restructuring events occurring within the scattering volume of size V s and V e the typical volume of the zone rearranged during an intermittent restructuring event [60] . In analogy we would expect that for dynamic light scattering experiments in the single scattering limit g 1 ðsÞ ¼ exp fÀC e Á ðV e =V s Þ Á sg, provided that the displacement of the scattering sites within the rearranged volume is large compared to 1/q, with q the scattering vector. A number of gel studies [37, 59, [61] [62] [63] report instead correlation functions that are best described by a compressed exponential, displaying relaxation times that depend on 1/q reminiscent of ballistic-like motion. As discussed in [59] , these characteristics are still consistent with intermittent dynamics; they indicate that for the experimentally accessible q-range the displacements of the scattering sites within the restructured zone are insufficient to fully dephase the scattering contributions of these sites. We then recover q-dependence and we expect compressed exponentials when the direction in the displacement of the scattering sites is maintained in subsequent restructuring events. In contrast, our experiments performed in the multiple scattering limit can be regarded as a high q experiment, where we recover a simple exponential relaxation, which is entirely set by the restructuring rate [59] .
Linear mechanical characteristics
To assess the evolving characteristics of our gel in rheology, we first perform a series of oscillatory shear experiments. The temperature history of the gel is here controlled by imposing a heating rate of 2.4 C/min increasing the temperature from 15 to 27 C. We monitor the evolution of the system during and after the quench by measuring the storage G 0 and loss modulus G 00 within the linear range (c ¼ 10
) at an angular frequency of x ¼ 10 rad/s, well below the time scales defining Brownian dynamics, the Brownian diffusion time of our particles being s B ¼ 7 ms. The moment we start the temperature quench is defined as t ¼ 0. As the temperature increases, the system becomes unstable and the particles aggregate, which rapidly results in the formation of a stressbearing network, as evidenced by the development of the storage and loss moduli shown in Fig. 2(a) . During the initial increase in temperature, the moduli are too low to be resolved, the loss modulus G 00 initially dominating over G 0 . At t % 200 s G 0 becomes the dominant modulus; both moduli then rapidly rise by several orders of magnitude as the temperature reaches 27 C. We identify the gel point as the moment at which G 00 ¼ G 0 and define this time as t w ¼ 0. In the long time limit of our experiment, the gel elasticity is of the order of 10 4 Pa comparable to the moduli reported for the thermo-reversible gels studied by Gopalakrishnan and Zukoski [30] .
To obtain measures of the evolving characteristics of the gel similar to those obtained in DWS experiments, we perform a second type of measurement. Instead of monitoring the temporal development of the moduli at a fixed frequency, we continuously vary the probe frequency from 1 to 100 rad/s during the evolution of the gel, as shown in Fig. 2(b) . Let us note that we carefully checked that the small mechanical perturbations generated by applying an oscillatory strain of c ¼ 10 -3 during the structural evolution of the gel do not affect the gel structure significantly; any experiment performed at a given t w yields identical results independently of whether we applied an oscillatory strain during gelation or not. Our frequency dependent experiments permit for the determination of the frequency dependence of G 0 and G 00 at different ages. Indeed, each data point in Fig. 2(b) is obtained by averaging the signal over 10 s. Using interpolation schemes, we can thus reconstruct quasi-instantaneous frequency spectra. Three examples of such spectra are shown in Fig. 2(c) ; within the limited frequency range explored G 0 and G 00 display a more pronounced frequency dependence for the young gel than for the older gels. These spectra can be scaled onto a single master curve by normalizing both the frequency and the moduli. This is shown in Fig. 2(d) , where we demonstrate the scaling for the series of spectra obtained at the ages denoted by the dotted lines in Fig. 2(b) . Such scaling behavior indicates that the frequency dependence of G 0 and G 00 remains essentially the same during the gel evolution, merely exhibiting age-dependent scaling parameters. Based on our results obtained in DWS, we can expect that these parameters relate to s R and G 1 . To obtain an approximate gauge of the absolute magnitude of s R we use the master curve and extrapolate the data using exponential fits to determine the frequency x R at which G 0 ¼ G 00 , as shown in Fig.  2(d) . Using the scaling parameters used to produce the master-curve we then recover s R ¼ 1/x R as a function of t w . According to this analysis, the structural relaxation times of the gel are more than a factor of 10 4 larger than the Brownian diffusion time. They exhibit a power-law increase with increasing sample age, as shown in Fig. 2(f) . Consistent with the DWS results we find that s R / t w 1.2660.02
. To get an estimate for the magnitude of the high frequency modulus G 1 we use G 0 at a scaled frequency of xÁs R ¼ 10
3
. As shown in , are in agreement with the DWS results. Fig. 2(e) , the dependence of G 1 on t w can be described as G 1 / t w 0.3060.03
, a power law that is within error bars consistent with that obtained from the DWS data shown in Fig.  1(c) . Let us here stress that for the considerations of the agedependent viscosity discussed in Sec. III B, the power-law dependences of s R and G 1 on t w are highly relevant, while the exact magnitude of either quantity is less important. Even though our choice of how to gauge the absolute magnitude of s R and G 1 is rather arbitrary, the scaling of the data shown in Fig. 2(d) ensures an accuracy of $5% for the relative values of s R and G 1 . The dependences of s R and G 1 on t w are thus determined with relatively high accuracy.
In summary, both DWS and oscillatory shear experiments indicate that the temporal evolution of the gel leads to an increase of the elasticity and the structural relaxation time, both parameters exhibiting a power-law scaling with t w . Moreover, the results obtained in DWS indicate that the gel evolution involves a decrease in the fraction of mobile particles, and it is likely that this change is associated with the development of a coarser gel structure, as observed in a number of weakly aggregated gels [5, 63, 64] . Thus, one could conceive that the evolution of the elasticity and the structural relaxation time of our gel would be entirely due to coarsening, a process that we can consider as corresponding to a delayed continuation of the initial aggregation process. However, with respect to structural relaxations our gels exhibit hyper-aging in agreement with simulations of attractive glasses. For these glasses, it was found that the evolution of the bond-life time does not directly relate to the age dependence of the structural relaxations [29] . Considering the mobility of our particles as a measure of the bond-life time, we can therefore presume that the evolution of the structural relaxation with the sample age does not directly relate to coarsening.
B. Evolving gel under stress
Creep behavior
To elucidate how aging and/or coarsening impact the creep behavior of our gel, we perform series of creep experiments. In a first series, we explore the response of the gel to applied stresses of varying magnitude starting the experiment at t w ¼ 1000 s, an age beyond the regime where the gel exhibits significant hardening in time [see Fig. 2(b) ]. At low enough stresses, the application of a constant stress results in an instantaneous elastic response, which is somewhat masked by ringing due to the rheometer inertia [65, 66] . This initial response is followed by an increase in strain at a continuously decreasing strain rate, as shown in Fig. 3 , where we display the lag-time dependence of the strain c, the compliance J and the strain rate _ c as a result of applying different stresses r. Interestingly, the stress-dependent response functions of our gels can be divided in three regimes. Below r c % 50 Pa, the lag-time dependence of J(s) is essentially independent of the stress applied. Just above r c the initial instantaneous response to a stress can still be described by a unique function, but deviations appear at longer lag times; the larger the stress the larger J(s). Increasing the stress beyond r y % 100 Pa, the system exhibits delayed yielding within the experimental time window. Consistent with the yield behavior of other colloidal gels, we find that the yielding time is a strong function of the stress. For our gels, the stress-dependence of the yielding times resembles that reported in [30] ; it is best described by a power law reminiscent of the behavior reported for carbopol [67] . Delayed yielding in gels is generally attributed to a competition of bond breakage and formation, or alternatively to a competition between strand break-up and reformation, where yield is obtained when the connectivity of the system cannot be maintained [26, 30, 32, 33, 68] . In contrast, recent simulations show that gels maintain their integrity when subjected to stresses that only marginally exceed the yield stress and that yield involves a loss of only a tiny fraction of bonds [31] . The focus of this paper is on the precursor of such delayed failure, i.e., the creep responses and the impact of aging on these response functions.
To a first approximation, we can assume that the strain rate dependence on the lag time s will be governed by the age-dependent viscosity g(t w ) ¼ G 1 (t w )Ás R (t w ) / t w 1.55 . Within the time interval of the creep experiments the viscosity of the system increases, such that we naturally expect the strain rate to be a decaying function of s. In Fig. 3(d) , we show as an example the response function obtained with r ¼ 32 Pa (continuous orange line) and compare it to that expected from the age-dependent viscosity (dashed black line) using for G 1 (t w ) and s R (t w ) the values reported in Figs. 2(e) and 2(f), respectively. Considering the large uncertainty in the absolute values of either of these quantities, it is certainly not surprising that the absolute values of the calculated shear rates do not exactly match the experimental values. Even a qualitative agreement between the expectation values and the experimental data is only obtained in the long-time limit of the creep experiment; for better comparison we show the vertically shifted expectation values as a dotted black line. This comparison clearly shows that the development of the shear rates at short times significantly deviates from that expected assuming that the temporal evolution of the shear rate is entirely determined by the age-dependent viscosity. We will show later that this deviation is due to an additional contribution not considered in the assumption that creep is exclusively governed by loss contributions.
Deconvolution of creep contributions
To fully assess the contributions to creep, we systematically investigate the recoverable strain along the creep curve.
As an example, we show in Fig. 4(a) the creep-recovery curves obtained for a gel that has aged to t w ¼ 1000 s at the moment we start the creep experiment applying a stress of 32 Pa below r c . Clearly, creep involves significant losses. However, a closer inspection reveals that energy is also stored during creep. In Figs. 4(b) and 4(c) , we compare the time dependence of the strain magnitude obtained in creep to that obtained during recovery, c rec ¼ (c*-c) with c* the strain reached at the end of the creep experiment. In both cases, we observe that the system exhibits an instantaneous strain response of the same order of magnitude. However, the recovered strain substantially exceeds the instantaneously stored/recovered strain, and it exhibits significant time dependence. This shows that creep not only leads to dissipative losses, but also allows for delayed elastic storage. Our recovery experiments enable us to deconvolute the contributions to creep in an instantaneous and delayed elastic strain, c I and c D , and a lost strain c L , as shown in Fig. 4(d) , where
Both the delayed elastic strain and the lost strain are increasing functions of the time the stress is applied, while the instantaneous strain decays with increasing lag time.
Stress hardening during creep
To account for the decrease in c I let us recall that the gel hardens in time. Presuming that this also impacts the elasticity of the gel under stress, we would expect the instantaneous strain recovered at a given lag time s to be a decaying function of this additional time s passed since the start of the creep experiment at t w ¼ 1000 s. As denoted in Fig. 4(c) , we determine c I at s ¼ 0.1 s, at the end of the ringing process. To compare these values to those expected for the quiescent gel at a comparable time scale, we use the complex modulus G Ã measured at x ¼ 10 rad/s and report as instantaneous strain Fig. 4(d) ; the subscript zero denotes values obtained for the quiescent gel. The smaller strains observed in recovery suggest that the gel under stress hardens more than when left unperturbed. To verify this we perform a series of experiments monitoring the elasticity of the gel in oscillatory shear experiments after the system has fully recovered. Two examples of these experiments are shown in Fig. 5(a) , where we compare the complex modulus G* (x ¼ 10 rad/s) of gels that have been subjected to a constant stress of, respectively, 32 and 78 Pa during the time period of t w ¼ 1000-1500 s to that of a quiescent gel which has been left unperturbed. The moduli obtained after creep and recovery experiments G Ã r are larger than those obtained for the quiescent gel G Ã 0 . Moreover, they are consistent with the elastic moduli G # r determined as r/c I , with c I obtained in recovery. Clearly, the extent of hardening sensitively depends on the stress applied; the larger the stress the larger the stress-hardening effect.
However, imposing a stress over a given period of time is here not equivalent to temporarily increasing an "effective temperature" that would overall lead to faster aging. Indeed, in such case we would expect that both the high frequency modulus and the structural relaxation time would have been increased by the temporary stress application. This is, however, not the case, as shown in Fig. 5(b) . In this graph, we compare the frequency dependent spectra of G 0 and G 00 for gels of the same age, t w ¼ 4000 s, having experienced the different stress histories displayed in Fig. 5(a) . The magnitude of the moduli depends on the stress history, but the overall shape of the spectra remains the same. The moduli obtained for the gels subjected to the creep and recovery procedure can be scaled onto those of the unperturbed gel by applying a single normalization factor to the moduli, as shown in Fig.  5(c) . This is in contrast to the scaling used to characterize the unperturbed gel, where we normalize both the moduli and the frequencies to obtain a unique master curve [see Fig.  2(d) ]. It shows that the application of a stress induces hardening, but does not otherwise modify the relaxation process of the system. This is also evidenced by the rate at which the elasticity increases after stress and recovery. Over the limited time window investigated this rate remains the same as that of the unperturbed gel; this is shown by the scaling behavior in Fig. 5(a) , where the normalization of G Ã r with f h used for the normalization in Fig. 5(c) leads to an almost perfect collapse of the data on G Ã 0 . Such decoupling of the elasticity and the structural relaxation time indicates that the origin of the temporal evolution of either quantity is not the same.
To further explore the parameters impacting stress hardening, we investigate the relation of stress and time on the extent of hardening in more detail. For this we use the hardening factor f h ¼ G # r =G Ã 0 , where G Ã 0 is the complex modulus of the unperturbed gel obtained at an age at which G # r ¼ r/c I is measured. This quantity expresses the factorial increase of the elastic modulus due to stress application; it is equal to 1 when no stress is applied. The hardening factor depends on both the duration of stress application s and the magnitude of the stress applied during creep r, as shown in Fig. 6(a) , where we display the reduced hardening factor f h À 1 obtained by applying various stresses at t w ¼ 1000 s and setting them back to zero at different lag times s. This quantity is directly proportional to r, as evidenced by the scaling behavior shown in Fig. 6(b) ; a simple normalization of f h À 1 with the applied stress leads to a collapse of the different data sets obtained for t w ¼ 1000 s; t w denotes here the age of the sample at the start of the creep experiment and we will keep this notation in the following to refer to experiments started at different aging times. DWS experiments of the gel under stress (data not shown) reveal that the magnitude of the intermediate decay decreases more quickly for the gel under stress than for the quiescent gel. This indicates that stress hardening involves a loss of mobile particles, and we may envision that stretching the gel network exposes sites allowing for a more effective incorporation of mobile particles. This is consistent with results obtained in simulations of gels subjected to a continuous shear rate, where shear was found to favor bonding [69] . Because the stress hardening process leads to an increase of the elasticity, but not to a change of the relaxation time, we speculate that the age dependence of the elasticity relates to the mobility of particles, while structural relaxations involve structural reconfigurations on larger length scales. Despite such apparent differences in the processes governing the increase in elasticity and relaxation time, respectively, the rate of structural rearrangements nonetheless governs the rate at which the system hardens under stress. The data indicated as crosses in Fig. 6(b) are obtained for an age of t w ¼ 2000 s using a stress of 32 Pa for the creep experiment; ðf h À 1Þ=r is here distinctly lower than for the experiment with t w ¼ 1000 s. We can account for both, the age dependence of f h À 1 and the sublinear development of f h À 1 with s, by considering the decreasing rate of structural rearrangements due to aging, 1/s R (t w ). Defining the number of times the system has been restructured during the time interval of stress application as
ð1=s R ðt w ÞÞ ds, we find that reporting ðf h À 1Þ=r as a function of N R leads to a collapse of the age-dependent data and to a reasonable linearization of the lag-time dependence, as shown in Fig. 6(c) . The description of our data by a unique linear dependence on N R suggests that stress hardening is not only controlled by stretching the network but also by the reconfiguration of the network triggered by thermal effects. This is remarkable considering (i) that stress hardening does not lead to a modification of the structural relaxation process itself and (ii) that the hardening effect is independent of whether we apply stresses that are below or above the threshold stress r c defining the transition between pseudolinear and nonlinear creep denoted in Fig. 3(b) . 
Intermittent rearrangements leading to losses and delayed elastic contributions
In contrast, the dependence of the lost strain c L on r and s exhibits distinct behavior below and above the threshold stress r c . As shown in Fig. 7 , c L depends on the duration of stress application, the magnitude of the stress applied during creep and the sample age. Unlike for the hardening factor, a normalization of c L by r does not lead to a collapse of all the data obtained at a given sample age. As shown in Fig. 7(b) , c L /r obtained for t w ¼ 1000 s displays a common development for r < r c but the data obtained at larger stresses exhibit a systematic stress dependence. This reflects the stress dependent response of the system beyond r c , which was depicted in the total compliance shown in Fig. 3(b) . To assess the impact of the evolution of the viscosity on the lagtime dependence of c L we consider the viscosity of the gel taking stress hardening into account. As discussed above, the relaxation time depends only on the age of the sample, while the elasticity depends on the sample age and, because of stress hardening, on the magnitude of the stress applied and the time interval over which the stress is applied. Thus, we redefine the viscosity as g r ¼ G # In contrast, for r > r c , the experimentally obtained loss contributions to the compliance c L /r are significantly larger than expected (a > 1). Thus, imposing a stress larger than r c leads to an increase of the loss contributions by a constant factor a, but not to a decoupling of the temporal evolution of c L /r from the intrinsic aging characteristics of the gel described by J L .
This finding provides new insight regarding the temporal evolution of the parameters determining structural relaxations by intermittent rearrangements. As discussed previously, these parameters are (a) the rate of restructuring events occurring within the sample volume C e and (b) the volume of the rearranged zone per event V e . The characteristic time reflecting the rearrangement of the entire sample volume V s is then s R ¼ ðC e V e =V s Þ À1 . That the temporal evolution of c L remains correlated to the age dependence of s R for r > r c , while the absolute magnitude of c L is significantly larger than expected, suggests that only one of the two parameters, C e or V e , is affected by increasing the stress beyond r c . This parameter should be age independent or almost age independent, as the correlation with the age dependence of s R would otherwise be lost due to a dominance of the stress-induced effects. If C e would remain constant during aging, V e would, just like 1/s r , decrease with t w . However, because of elastic coupling we would expect V e to rather increase than decrease with increasing t w due to the increase of the gel elasticity during aging. It is thus more likely that C e is the age-dependent and V e the ageindependent parameter. The age dependence of the relaxation time then solely reflects the age dependence of the restructuring rate s R ðt w Þ / 1=C e ðt w Þ. That the absolute magnitude of c L is larger than expected for r > r c is then consistent with the idea that imposing a stress larger than r c leads to an increase of V e , but does not affect C e (t w ), which remains that of the quiescent gel. The remarkable linearization obtained for c L /r as a function J L shows that the deviations of the measured shear rates from the expectation values observed at shorter lag times in Fig. 3(d) must be due to delayed elasticity; the evolution of the loss contributions are described by the age-dependent viscosity over the entire lag-time window investigated, as shown in Fig. 7(b) . Indeed, the delayed elastic contributions dominate the response function at short s while the loss contributions become dominant at long times. This is shown in Fig. 8 , where we display the lag-time dependence of c L and c D obtained for t w ¼ 1000 s and r ¼ 32 and 78 Pa, respectively, and for t w ¼ 2000 s and r ¼ 32 Pa. The linear representation of the data shown in the insets reveals that the delayed elastic strain initially increases at approximately the same rate as the lost strain. Moreover, at the moment at which the lost strain starts to dominate the delayed elastic contribution starts to saturate. These characteristics indicate that delayed elastic storage relates to the process governing losses, namely, intermittent rearrangements.
To account for the evolution of the delayed elastic contributions, we use arguments similar to those developed for molecular glasses [70] [71] [72] . With no stress applied intermittent rearrangements occur in random directions. Upon imposing a small stress, however, the energy barriers are slightly biased, such that the relaxation events will favor the stress direction. The region rearranged will support less stress, such that the regions that are not yet rearranged will have to support more. Upon removal of the stress the matrix that has not undergone relaxation events will instantaneously recover, thereby imposing a local stress on the zones that have rearranged. To return to their initial configuration, these zones have to overcome again a local energy barrier, which leads to time delayed recovery. At early times, most of the relaxation events contribute to delayed elasticity; they turn into inelastic, permanently lost contributions only once the surrounding matrix has had enough time to be reconfigured by further rearrangement events. Because the gel integrity is maintained during restructuring the elastic loading process is constantly renewed, such that the delayed elastic contributions saturates when the lost contributions become dominant.
Remarkably, the magnitude of this saturation value is independent of whether the stress is below or above r c . The rate at which c D initially increases depends on the shear rate that becomes nonlinear for r > r c , but the c D values obtained in the long-time limit of the experiment solely depend on stress. This is demonstrated in Fig. 8(e) , where we normalize the time axis with the initial strain rate of the loss contributions, _ c L-initial , and the strain axis with the stress. This normalization leads to a collapse of the different data sets, consistent with the idea that the delayed elastic contributions are due to restructuration events prior to full structural relaxation. In our system, these restructuration events lead to a recoverable strain that is about a factor of ten larger than the instantaneously recovered strain; this suggests that a remarkably large fraction of the gel can be restructured before the integrity of the space spanning matrix is lost. Experiments exploring the recoverable strain of glassy systems denoted significantly smaller delayed elastic contributions as compared to the instantaneous one [25, 73, 74] , and it will be interesting to explore the parameters that set the magnitude of the delayed elastic contributions in future work.
IV. SUMMARY AND CONCLUSIONS
We have explored the behavior of a colloidal gel that exhibits at least three evolving features: the rate of structural relaxation decreases in time, the elasticity increases in time, and the number of mobile particles decreases in time. Under stress the gel hardens at a faster rate than the quiescent gel, which is correlated to a faster decrease of the number of mobile particles. Such stress hardening does not impact the structural relaxation process, which indicates that the processes leading to an increase of, respectively, the elasticity and the structural relaxation time are not necessarily related.
In support of this, we find that the structural relaxation process of our gel exhibits hyperaging similar to that reported in simulations of an attractive glass [58] . For this glass, the evolution of the structural relaxation and the bond-life time were found to be decoupled, consistent with our findings indicating that structural relaxations do not directly relate to particle mobility. We thus consider that we need to distinguish between two distinct processes, which we here tentatively term coarsening and aging. While coarsening involves the evolution of the structure due to the gradual incorporation of mobile particles into the network, aging is associated with intermittent events involving the rearrangement of ensembles of particles. Within the context of the features discussed above, we would thus presume that the gel elasticity increases mainly because of coarsening, while the structural relaxation relates mainly to aging. The systematic investigation of the creep and recovery behavior of our gel allowed us to assess different contributions to creep, namely: an instantaneous elastic, a delayed elastic, and a loss contribution. The time dependence of all three contributions are determined by the evolving structural relaxation and elasticity denoted in the quiescent gel, where for the elasticity we have also to account for a stresshardening effect. Most remarkably, our data provide evidence that structural relaxations are due to the gradual restructuration of the gel by intermittent rearrangement events. In particular, the considerable delayed elastic contributions are consistent with the idea that the zones restructured during stress application experience a local stress once the macroscopic stress is removed, unless enough time has passed to restructure the entire gel by intermittent rearrangements. Upon approach of the yield stress, we find that the loss contributions increase by a constant factor, while their temporal evolution remains that expected from the aging characteristics of the quiescent gel including a stress-hardening effect. This suggests that upon approaching the yield conditions, the size of the zones rearranged per event increases, while the rate of events remains unchanged. Within the context of delayed yielding, we thus envision that there is a critical size of the intermittent rearrangements rather than a critical rate of restructuring events that defines the onset to yield. Further investigations are needed to fully explore this conjecture.
